A growing body of evidence suggests that microRNA-138 (miR-138) functions as a tumor suppressor, and is involved in tumor initiation, development and metastasis in certain types of human cancers. However, the function and underlying molecular mechanism of miR-138 in cervical cancer remains unclear. Therefore, the purpose of the present study was to investigate the clinical significance of miR-138 expression in cervical cancer, and to evaluate its role and underlying mechanisms in cervical cancer. The present study indicated that miR-138 expression was significantly downregulated in cervical cancer tissues and cell lines, and that the low miR-138 expression was negatively associated with advanced FIGO stage and lymph node metastasis (P<0.01). Functional analyses indicated that the overexpression of miR-138 in cervical cancer cells inhibited cell proliferation, migration and invasion, induced cell apoptosis in vitro, and suppressed tumor growth in a nude mice model. Luciferase reporter assays confirmed that human telomerase reverse transcriptase was a novel target gene of miR-138. The findings of the present study suggested that miR-138 could be a potential candidate for cervical cancer therapeutics.
Introduction
Cervical cancer is the third most common cancer in women globally, with an estimated global incidence of >500,000 novel cases and a tremendously high number of mortalities (~274,000), annually (1) . Although radiotherapy, chemotherapy and surgery have been recently used as standard treatment to improve overall survival, progression free survival and recurrence rates for patients with cervical cancer (2, 3) , the 5-year survival rates for advance stage cervical cancer (stage III and IV patients) remains at <40% (4, 5) . In addition, ~30% of patients with this disease experience lymph node recurrence and distant metastasis after primary treatment (6) . Therefore, uncovering the molecular mechanisms responsible for the development of cervical cancer is crucial for identifying potential therapeutic targets for cervical cancer.
MicroRNAs (miRNAs/miRs) are non-coding RNA molecules of 19-25 nucleotides in length that modulate the translational efficiency or stability of target messenger RNAs (mRNAs), predominantly through targeting of the 3' untranslated regions (3'UTRs) of mRNAs (7) . Over the past decade, emerging evidences have indicated that miRNAs are critical regulators of cancer occurrence and progression that are involved in cancer cell proliferation, differentiation, apoptosis and metastasis (8, 9) . miRNAs are abnormally expressed in human cancers and can act as either oncogenes by repressing tumor suppressors or tumor suppressors by negatively regulating oncogenes (10) . In recent years, miRNAs have been used as novel targets for anticancer therapies and as molecular diagnosis marker or prognostic markers in various cancers, including cervical cancer (11, 12) .
There is particularly a growing interest toward miR-138, in the context of numerous cancers. miR-138, a family of microRNA precursors, has been reported to function as a tumor suppressor in a variety of human cancers, including renal carcinoma (13) , non-small lung cancer (14) , colorectal cancer (15) , neuroblastoma (16) , esophageal squamous cell carcinoma (17) , nasopharyngeal carcinoma (18) and hepatocellular carcinoma (19) . However, the role and the molecular mechanisms of miR-138 in cervical remain unclear.
Therefore, the aim of the present study was to investigate the clinical significance of miR-138 expression in cervical cancer, and to evaluate its role and underlying mechanisms in cervical cancer. The results of the study showed that miR-138 expression was downregulated in cervical cancer tissues and cell lines. Overexpression of miR-138 in cervical cancer cells inhibited cell growth in vitro and tumor growth in nude mice. Furthermore, the present study showed that human telomerase reverse transcriptase (hTERT) was a direct target of miR-138 in cervical cancer. These findings provide a novel therapeutic strategy for the treatment of cervical cancer. 
MicroRNA-138 inhibits proliferation, migration and invasion through targeting hTERT in cervical cancer

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA from cells (SiHa, HaCaT and HeLa) or tissue was isolated using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Total RNA was reverse-transcribed using the Takara PrimeScript TM First Strand cDNA Synthesis kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. The levels of miR-138 were determined using a TaqMan MicroRNA Assays kit (TaqMan assay ID, 002284; measuring mature miR-138; Applied Biosystems; Thermo Fisher Scientific Inc.) as previously described (21), on an ABI Applied Biosystems 7900 Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The U6 small RNA was used as an internal control. The primers used were as follows: miR-138 forward, 5'-AGC TGG TGT TGT GAA TCA GGC CG-3' and reverse, 5'-TGG TGT CGT GGA GTC G-3'; and U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. The PCR cycling conditions were 95˚C for 10 min, and 40 cycles of 15 sec at 95˚C and 30 sec at 60˚C, followed by an annealing/elongation step at 72˚C for 5 min. The comparative 2 -∆∆Cq method (22) was used for relative quantification and statistical analysis.
Assessment of cell viability and proliferative capacity.
To determine the effect of miR-138 on cell viability and proliferative capacity in cervical cancer cells, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and colony formation assays were performed in HeLa cells following transfection with miR-138 mimic or miR-NC. For cell viability, 5x10 3 cells were seeded into 96-well plates with 100 µl of DMEM and incubated for 24 h. Cells were then transfected with miR-138 or miR-NC, and cultured for 24, 48 or 72 h. Subsequently, 20 µl MTT (5 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) was added to the samples, and cultured for 4 h at 37˚C. Following incubation, 200 µl of dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added to solubilize the crystals for 20 min at room temperature. Cell viability was assessed at an absorbance of 490 nm using a biorad iMark Microplate Absorbance Reader (BD Biosciences, Franklin Lakes, NJ, USA).
For the colony formation assay, the number of viable HeLa cell colonies was determined after 14 days, following the inoculation of 1,000 cells/well in triplicate in 6-well plates. The cells were fixed with 4% paraformaldehyde (Sigma-Aldrich), and stained with 1% crystal violet (Sigma-Aldrich). The percentage colony formation was calculated by adjusting control cells to 100%.
Cell apoptosis assay. The percentage of apoptotic cells was assessed by flow cytometry. In brief, HeLa cells were transfected with miR-138 mimic or miR-NC for 48 h, and then apoptotic cells were determined using the AnnexinV/propidium iodide detection kit (Nanjing KeyGen Biotech. Co. Ltd., Nanjing, China), according to the manufacturer's instructions. The apoptotic rate were measured by using a FACS Calibur 5 transfected cells were placed on the upper chamber of each insert coated with Matrigel (BD Biosciences). Subsequently, 500 µl DMEM with 20% FBS was added to the lower part of the chamber. After incubating for 24 h at 37˚C with 5% CO 2 , cells that had migrated or invaded to the lower surface of the filter were fixed in 70% ethanol (Sigma-Aldrich) for 30 min and stained with 2% crystal violet for 10 min on a glass slide. The invaded or migrated cells were photographed under an IX51 inverted microscope (Olympus Corporation, Tokyo, Japan) and counted in 5 randomly selected fields.
Plasmid construction and luciferase reporter assay. The 3'UTR of hTERT containing the putative miR-138 binding site (wild-type) was cloned into the pGL3-control vector (Ambion; Thermo Fisher Scientific, Inc.). A mutant 3'UTR of phosphatase and tensin homolog (mutant type) was synthesized by PCR and cloned into the pGL3-control vector. Subsequently, 5x10 3 HeLa cells were seeded in a 24-well plate and transiently co-transfected with wild-hTERT-UTR-pGL3 or mutant-hTERT-UTR-pGL3, a Renilla luciferase control vector (20 ng) and miR-138 mimic or miR-NC. Luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) at 48 h post-transfection. The specific activity is expressed as the fold changes of the experimental group vs. the miR-NC group.
Western blot analysis. Tissue or HeLa cell samples were harvested and lysed in ice-cold radioimmunoprecipitation assay buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) to extract proteins, according to the manufacturer's instructions. The concentrations of the final protein samples were determined with a bicinchoninic acid protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA) Protein sample (30 µg each lane) was separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat dried milk in 1X Tris-buffered saline containing 0.1% Tween 20 (TBST; Sigma-Aldrich) buffer for 2 h and then incubated with primary antibodies separately overnight at 4˚C. The primary antibodies included mouse monoclonal anti-human β-actin (dilution, 1:5,000; catalog no., sc-47778; Santa Cruz Biotechnology, Inc.) and rabbit polyclonal anti-human hTERT (dilution, 1:1,000; catalog no., sc-7212; Santa Cruz Biotechnology, Inc.). β-actin was used as the internal control. Membranes were washed with TBST three times and then further incubated with horseradish peroxidase (HRP)-conjugated polyclonal goat anti-rabbit immunoglobulin G (dilution, 1:5,000; catalog no., sc-2004; Santa Cruz Biotechnology, Inc.) or HRP-conjugated polyclonal goat-anti-mouse IgG (1:5,000; catalog no. sc-2005; Santa Cruz Biotechnology) for 2 h at room temperature. Signal intensities were detected using the Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln, NE, USA) using Odyssey v1.2 software (Li-COR Biosciences).
Xenograft experiments. Five week-old female BALB/c nu/nu mice (18-20 g) were purchased from Jilin Institute of Experimental Animals (Changchun, China), and bred at the Animal Laboratory Center, Jilin University (Changchun, China).
Equal numbers of HeLa cells (2x10 6 ) with forced expression of miR-138 mimic or scramble were suspended in 100 µl serum-free DMEM and injected subcutaneously into the right rear flank of each mouse (n=10). Tumor volume was periodically blindly measured by caliper every 5 days until mice were sacrificed under anesthesia. The formula for tumor volume was as follows: V (volume) = 1/2 x A x B 2 , where A and B are the longest and shortest diameters, respectively. The mice were sacrificed 25 days subsequent to injection. The tumor tissues were dissected and weighed. A part of tumor tissues was used to measure the hTERT level by western blot analysis, using the aforementioned method.
Statistical analysis. Experimental data are presented as the mean ± standard deviation based on the results of at least 3 repeats. Statistical analysis between two samples was performed using a two-tailed Student's t-test, and analysis between more than two groups was performed using one-way analysis of variance, followed by Tukey's post hoc test. GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analyses. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
miR-138 is downregulated in human cervical cancer cell lines and tissue specimens.
A panel of human cervical cancer cell lines was first analyzed to quantitate the expression level of miR-138. The result showed that the expression level of miR-138 was downregulated in cervical cell lines compared with the normal cervical HaCaT cells (Fig. 1A) . Additionally, the expression level of miR-138 in the HeLa cell line was decreased compared with the SiHa cell line; thus, HeLa cells were selected for the rest of the study.
The expression levels of miR-138 were examined in the 36 cervical cancer specimens and the patient-matched normal specimens. RT-PCR analysis showed that the expression of miR-138 was downregulated in 83.3% of the cervical tissues compared with the adjacent normal tissues; the average magnitude of this decrease was 2.1-fold (Fig. 1B) .
In addition, the association between miR-138 expression and the clinical factors was assessed. As shown in Table I , the aberrant expression of miR-138 was associated with lymph node metastasis (P<0.01) and International Federation of Gynecology and Obstetrics (FIGO) stage (P<0.01). There was no association between miR-138 expression and age, histological grade or tumor size. These findings suggest that miR-138 could be involved in the metastasis and progression of cervical cancer.
Overexpression of miR-138 inhibits cell viability and colony formation, but induces apoptosis in cervical cancer cells.
To investigate the biological effects of miR-138 in cervical cancer cells, the cervical cancer HeLa cell line was transfected with miR-138 mimic and then the function of miR-138 in the cervical cancer cells was evaluated. qRT-PCR analysis confirmed that the transfected miR-138 mimic resulted in the upregulation of miR-138 expression in cervical cancer cells compared with cells transfected with miR-NC (Fig. 2A) . The MTT assay showed that transfection with miR-138 mimic inhibited cell proliferation compared with transfection with miR-NC (Fig. 2B) . The colony formation assay demonstrated that the overexpression of miR-138 inhibited colony formation in cervical cancer cells (Fig. 2C) . Flow cytometry as then used to test the role of miR-138 in apoptosis. The results showed that upregulated miR-138 induced apoptosis (Fig. 2D) . These results suggest that miR-138 may function as a tumor suppressor in cervical cancer cells.
Overexpression of miR-138 inhibits cell migration and invasion in cervical cancer cells.
The present study has showed that miR-138 expression is associated with lymph node metastasis in patients with cervical cancer. However, this finding does not determine whether miR-138 effects the migration and invasion of cervical cancer cells. Migration and invasion assays in cervical cancer cells were performed using Transwell chambers, after HeLa cells were transfected with miR-138 mimic or miR-NC. Consistent with the clinical data, the overexpression of miR-138 significantly decreased the migration and invasion capacities of HeLa cells (P<0.05; Fig. 3A and B) .
hTERT is a direct target of miR-138. hTERT has been reported to be an important molecule for promoting cell proliferation and invasion in various cancers, including cervical cancer (23) . Using predictive tools (TargetScanHuman 7.1; www.targetscan.org/vert_71/), hTERT was hypothesized to be a target of miR-138 (Fig. 4A) . To additionally confirm whether miR-138 directly targets the hTERT oncogene, luciferase reporter assays were performed. The luciferase assay showed that HeLa cells transfected with miR-138 significantly decreased wild-type hTERT-3'UTR reporter activity compared with the cells co-transfected with miR-NC (P<0.01), while miR-138 had no inhibitory effect on mutant hTERT-3'UTR reporter activity (Fig. 4B) , indicting the direct regulation of miR-138 in the 3'UTR of hTERT mRNA. To further validate the association between miR-138 and hTERT, endogenous hTERT protein expression was detected in the HeLa cells transfected with miR-138 mimic or miR-NC. Western blot analysis revealed that miR-138 mimics dramatically decreased the expression of endogenous hTERT expression (Fig. 4C) . Overall, these results suggest that hTERT is a direct target gene of miR-138.
miR-138 suppresses tumor growth in vivo.
To determine whether miR-138 is involved in tumorigenesis in vivo, the present study examined the potential activity of miR-138 in tumorigenesis using a HeLa xenograft model. Tumors grew slower in the HeLa/miR-138 group compared with the HeLa /miR-NC group (Fig. 5A) . At the end of the treatment, a significant decrease (Fig. 5B) and weight (Fig. 5C ) was observed in mice from the group injected with HeLa/miR-138 compared with the mice injected with HeLa/miR-NC ( Fig. 5B and C) . Furthermore, hTERT expression was also determined in tumor tissue using western blot analysis. Western blot analysis demonstrated that the overexpression of miR-138 significantly decreased hTERT expression. These findings suggest that miR-138 could suppress the growth of cervical cancer tumors in vivo by targeting hTERT.
Discussion
Discovering the molecules involved in cervical cancer cell initiation and progression and understanding the associated mechanisms are critical for developing effective therapeutic strategies to improve the survival and prognosis of patients suffering from cervical cancer. Growing evidence has demonstrated that numbers of miRNAs are crucial for the initiation, progression and metastasis of cervical cancer by regulating various processes, including cancer cell proliferation, differentiation, apoptosis, adhesion, cell cycle arrest, migration and invasion (11, 24, 25) . For instance, Zhou et al (26) demonstrated that that miR-107 directly targeted myeloid cell leukemia-1 and activated the ATR serine/threonine kinase/checkpoint kinase 1 pathway to inhibit the proliferation, migration and invasiveness of cervical cancer cells. Li et al (27) reported that the overexpression of miR-342-3p inhibits cell proliferation, migration and invasion in cervical cell lines by targeting mammalian transcription factor forkhead box M1. Wen et al (28) reported that miR-506 induced cell cycle arrest at the G1/S transition, enhanced the apoptosis and chemosensitivity of cervical cancer cells, and inhibited cervical cancer growth in vitro and in vivo. Data from the current study provides evidence that miR-138 can inhibit proliferation, colony formation, migration and invasion, induce cell apoptosis in cervical cancer cells, and suppress tumor growth in nude mice models. miRNAs can act as either tumor suppressors or promoters and therefore affect tumor development, proliferation, differentiation, migration and invasion (10) . The expression of miR-138 is generally low in tumors, including in non-small lung cancer, colorectal cancer, neuroblastoma, esophageal squamous cell carcinoma, nasopharyngeal carcinoma and hepatocellular carcinoma (14) (15) (16) (17) (18) (19) . However, an association between miR-138 expression and cervical cancer has not been previously reported. To the best of our knowledge, the present study is the first to demonstrate that miR-138 expression is significantly downregulated in cervical cancer tissues and cell lines, and that low miR-138 expression is negatively associated with advanced FIGO stage and lymph node metastasis. In addition, miR-138 has been previously reported to function as a tumor suppressor in numerous malignancies by targeting various molecules (13) (14) (15) (16) (17) (18) (19) . For cervical cancer, a study showed that miR-138 could significantly inhibit HeLa cell migration by targeting required for meiotic nuclear division 5 homolog A (29) . However, the effect of miR-138 in cervical development and progression remains largely unknown. The present study elucidates the functionality and mechanism of the involvement of miR-138 in cervical cancer processes, and shows that miR-138 could act as tumor suppressor in cervical cancer and inhibit cervical tumor growth in vitro and in vivo by targeting hTERT.
hTERT, a catalytic subunit of telomerase, is a core component of the telomerase holoenzyme and is involved in regulating telomerase activity (23, 30) . hTERT has been reported to be important for cancer tumorigenesis, growth, migration and (31, 32) . Previously, studies showed that hTERT is a target gene of miR-138 in thyroid carcinoma cell lines (33) and colorectal cancer (34) . Consistent with these results, the present study identified hTERT as potential target of miR-138 in cervical cancer cells.
In conclusion, the present study has demonstrated that miR-138 expression is significantly downregulated in cervical cancer tissues and cell lines, and that decreased miR-138 expression is negatively associated with advanced FIGO stage and lymph node metastasis. miR-138 acts as a tumor suppressor in cervical cancer by suppressing cancer growth, inhibiting cell migration and invasion, and enhancing apoptosis. Furthermore, miR-138 was found to exert its function by directly targeting hTERT. These findings indicate that miR-138 may act as a novel potential therapeutic agent for the treatment of cervical cancer.
